. There is, therefore, an intimate and dynamic § Present address:
The Increase in Numbers of Synaptic Puncta
to Sp-cAMPS, the numbers of N-cadherin and synaptophysin-labeled puncta are similar to those obtained from during L-LTP Requires Synaptic Activity Activation of the cAMP cascade can enhance spontanenormal bath-maintained control slices or ones incubated in GluR antagonists alone (Figure 3 ; N-cadherin, p ϭ ous neurotransmitter release in area CA1 (ChavezNoriega and Stevens, 1994), suggesting that ongoing 0.6; synaptophysin, p ϭ 0.9, unpaired two-tailed t test). These data indicate that the Sp-cAMPS-induced synaptic activity during the establishment of L-LTP could contribute to the anatomical changes observed. changes in puncta number observed require ongoing synaptic activity and are therefore unlikely to result from To investigate this, slices (n ϭ 4) were incubated in ionotropic glutamate receptor (GluR) antagonists (APV unrelated effects of Sp-cAMPS upon general cellular metabolism. and CNQX, to block NMDA-and AMPA/kainate-type receptors, respectively) for 60 min, starting at the time of Sp-cAMPS exposure. The area CA1 field EPSP was
The Increase in Numbers of Labeled Synaptic Puncta during L-LTP Requires PKA Activity greatly attenuated during the period of GluR blockade, although it was not blocked completely (data not and New Protein Synthesis In slices removed and fixed 10 min following washout shown), probably because of the presence of metabotropic glutamate receptors. After switching to normal of Sp-cAMPS, and therefore prior to expression of L-LTP, the numbers of N-cadherin puncta are not signifiRinger's solution, the evoked field EPSP returned quickly to baseline-however, no potentiation emerged cantly different than those obtained from unstimulated control slices (stimulated versus control: 0.30 Ϯ 0.06 in these slices for up to 3 hr after washing out the GluR antagonists. In GluR antagonist-treated slices exposed versus 0.24 Ϯ 0.02 puncta/m 2 , mean Ϯ SEM; p ϭ 0.9).
not significantly different in comparison with those obtained from control slices incubated in Rp-cAMPS or cyclohexamide alone. These data demonstrate that, like L-LTP, the increase in numbers of labeled synaptic puncta also requires PKA activity and new protein synthesis, suggesting a mechanistic relationship between increasing numbers of labeled synaptic puncta and expression of L-LTP. Figure 5C , lane 4). When the intensity and protein synthesis, which are known to block L-LTP of labeled bands was normalized to lane intensity, which (Frey et al., 1993) , also block the increase in numbers of also appears to increase nonspecifically, the increase N-cadherin and synaptophysin puncta. Figure 4A shows in N-cadherin synthesis is substantial (5-fold) at 30 min that, as reported previously, Sp-cAMPS-induced poten-( Figure 5D ; t test, p Ͻ 0.03, n ϭ 2). When taken together, tiation is blocked by applying the competitive PKA inhibthese data show that Sp-cAMPS induces an increase itor Rp-cAMPS or the protein synthesis inhibitor cycloin levels of N-cadherin. hexamide prior to adding Sp-cAMPS. In these slices in which L-LTP is blocked, the numbers of N-cadherin Molecular Conformation of N-Cadherin ( Figure 4B ) and synaptophysin ( Figure 4C ) puncta are during L-LTP Strong stimulation of hippocampal neurons grown in 
cAMP Treatment Stimulates Rise in Levels of N-Cadherin Protein

Discussion
We demonstrate here that the induction of L-LTP is accompanied by a significant increase in overall num- between sections to maximize numbers of puncta and minimize the tion for 45 min. To one group of 14 slices, cyclohexamide (60 M) was added; 0.5 hr after this, Sp-cAMPS (50 M) was added to both extent of fusion between puncta, but the threshold values did not differ significantly within or across conditions (e.g., control value ϭ the cyclohexamide group and to a second group of 14 slices. After a 15 min period of exposure to Sp-cAMPS, all slices were transferred 116.5 Ϯ 5.3, Sp-cAMPS stimulated value ϭ 116.9 Ϯ 5.2, mean Ϯ SEM, unpaired, two-tailed t test, p ϭ 0.96). For each image, the crossto radioactive Ringer's solution. Seven slices were removed at 15 min and another 7, and the cyclohexamide group were removed at sectional area and intensity of individual puncta and total number of puncta was assessed. Data within sections were averaged and 30 min following Sp-cAMPS exposure. A third group of 14 slices served as unstimulated controls and was maintained in radioactivity conditions were compared using Student's t test (two groups) or one-way ANOVA and a Fisher's post hoc test (three or more groups) for comparable periods. Slices were extracted as described above, with the exception that 1% SDS was added to the lysis buffer, and with a level of significance of p Ͻ 0.05.
To determine the degree of N-cadherin and synaptophysin codiseither run as a lysate directly on 7.5% SDS-PAGE or immunoprecipitated first as described above. The gel was dried and exposed tribution, N-cadherin and synaptophysin confocal images were overlaid, and the proportion of pixels that overlapped was deterto phosphorimager plates and analyzed using a phosphorimager (Storm, Molecular Dynamics). Band intensity was quantified using mined using a colocalization macro (Zeiss LSM, Thornwood, NY). Data from unstimulated control and potentiated slices were com-NIH image (see above). To account for differences in background across lanes, band intensity was normalized to lane intensity (intenpared using a two-tailed t test.
To control for Sp-cAMPS-induced changes in the area of the sity over an equal area). neuropil, unstimulated control slices (n ϭ 2) and potentiated slices (n ϭ 2) were processed immunofluorescently as described using N-Cadherin Antibody Blocking Experiments anti-MAP2 (mouse, 1:500; Sigma) and anti-GFAP (rabbit, 1:50; BioGuinea pig N-cadherin antibody 1258 was generated against a purimeda) antibodies. Single confocal images (4 per section) were taken fied EC1-EC2 domain of N-cadherin; guinea pig N-cadherin antibody through stratum radiatum of area CA1 and using image analysis 1260 was generated against an N-cadherin EC1 domain isolated and software (Zeiss LSM, Thornwood, NY); the area that was occupied purified from a glutathione S-transferase (GST) EC1 fusion protein. by immunolabeling was assessed after subtracting from the field Antisera were generated by Covance and then purifed on N-cadherin unlabeled portions removed by a visually established threshold.
(EC1) BrCN-activated Sepharose CL-4B. Specificity of antisera was Statistically significant differences between conditions were deterconfirmed by Western blot and by competition assay. P20 mouse mined by Student's t test.
brain extracts were subjected to 7.5% SDS-PAGE, transferred to nitrocellulose, and incubated with antibody diluted 1:10. Blots Immunoelectron Microscopy showed a single band of ‫521ف‬ kDa that could be specifically comSp-cAMPs-potentiated (n ϭ 2) and unstimulated control (n ϭ 3) peted out with purifed N-cadherin EC1 protein (10-20 g), but not slices were fixed as described above with the addition of 0.1% with BSA. An intracellular N-cadherin antibody was generated as a glutaraldehyde. Thick sections were processed by a freeze-substitucontrol-the affinity-purified rabbit polyclonal antibody was genertion, low-temperature . The degree of aggregation was calculated by the mixture was used for gel electrophoresis followed by immunoblot. index (N 0 Ϫ N 30 )/N 0 , where N 30 is the total particle number after the Protein concentrations were determined with the BCA protein assay 30 min incubation and N 0 is the total particle number at the initiation (Pierce, Rockford, IL), and samples were run on 7.5% SDS-PAGE, of incubation. N-cadherin antibody (Ab 1260, 1:100) or preimmune transferred to nitrocellulose, blocked with 5% milk protein, and incuserum (1:100) was incubated with L cells for 30 min prior to the bated overnight with rabbit anti-N-cadherin EC1 domain antibody. aggregation assay. After secondary antibody incubation and routine washing, blots were developed with the ECL chemiluminescence system (NEN Life Sciences Products). Blots (n ϭ 6) were scanned using identical Acknowledgments parameters, and band intensity was assessed using an NIH Image (v. 
